Summary.
By the use of light microscopic immunohistochemistry, epidermal Merkel cells have been examined for the coexistence of some neuropeptides and chromogranin A (CGA). Peptide and CGA-immunophenotypes were similar in adult Merkel cells but variable in fetal skin, where CGA preceded the expression of peptides which were partly expressed only in a subpopulation of Merkel cells from hair follicles. Thus, only Substance P (SP) and calcitonin gene-related peptide (CGRP) were expressed in a subpopulation of Merkel cells from hair follicles. There were similar Merkel cell densities visualized on consecutive paraffin sections by the use of antisera against peptides, CGA and cytokeratin offering useful tools for a future systematical complementary mapping of Merkel cell populations in various species, locations and developmental stages. Electron microscopic immunohistochemistry has shown that CGAimmunoreaction is localized in the secretory granules which, again, supports the view that the Merkel cell is a paraneuron, i.e., neurosecretory in function.
It is of great historical interest that early in this century BOTEZAT (1902) considered the epidermal touch cells (which he later named Merkel cells in honour of the anatomist Friedrich MERKEL (1885) who first describedthese cells in greater detail) as Sinnesdrusenzellen, which literally means neuroendocrine cells. With the first electron microscopic identification of Merkel cells by CAUNA (1962) , attention was drawn to the secretory-like electron-dense granules resembling monoamine-storing organelles of chromaffin cells, and though the idea of a neurosecretory function for this cell gained additional support, experimental confirmation has until now been lacking.
Merkel cells are found in the basal epidermis of touch-sensitive areas of glabrous and hairy skin (cf. HALATA,1975; HARTSCHUH et al., 1986a) . A majority of them are connected by synaptic contacts (HARTS-CHUH and WEIHE,1980) to nerve endings forming the Merkel cell-axon complex. It is well established that these nerve-cell complexes represent slowly adapting SA I mechanoreceptors (IGGO and MUIR,1969) . However, there is no general agreement whether the nerve ending or the Merkel cell represents the receptor. Some investigators consider the nerve ending as the primary receptive unit (GOTTSCHALDT and VAHLE-HINZ, 1981; DIAMOND et al., 1988) . However, others have found novel experimental evidence for a transducer function of the Merkel cell (FINDLATER et al., 1987; BAUMANN et al., 1988) , i. e., that the mechanoelectric transduction process takes place in the Merkel cell. Since also non-innervated Merkel cells are found, e.g., in embryonic skin, ascribing additional complex functions to the Merkel cell is compelling but unsubstantiated (cf. HARTSCHUH et al., 1986a) . Nevertheless, the mammalian Merkel cell is now generally regarded as a paraneuron, i.e., as a recepto-secretory cell (FUJITA et al., 1988) or in other terms as a member of the diffuse neuroendocrine cell system [DNES] (PEARSE,1986) . These members and their neoplastic counterparts are characterized by the presence of neuron-specific enolase, neuropeptides, biogenic amines and the acidic matrix protein chromogranin A (CGA) (PEARSE, 1986) . In addition, synaptophysin (WIEDENMANN et al., 1986) (MOLL et al., 1984) are to be regarded as differentiation markers of the DNES and tumors derived from them. In contrast to the melanocyte and the mast cell which are also considered paraneuron candidates (FUJITA, 1976; but see FUJITA et al., 1988) , the mammalian Merkel cell is presently the only cutaneous cell to fulfill all these criteria except for the demonstration of involvement in the monoamine metabolism (see below). Thus, Merkel cells have been shown to contain neuron-specific enolase (GU et al., 1981) , synaptophysin recently has been demonstrated in normal Merkel cells of several species (ORTONNE et al., 1988) , and cytokeratins but not neurofilaments have been reported to be a useful but unspecific marker of Merkel cells (MOLL et al., 1984) .
Several recent studies have contributed to the central problem of the chemical content of Merkel cell granules. After the failure to prove the involvement of the mammalian Merkel cell in the aminehandling facility (HARTSCHUH and GRUBE, 1979) attention was drawn to neuropeptides as potential transmitter candidates (WINKELMANN, 1977) . Thus, by immunohistochemistry met-enkephalin was demonstrated in Merkel cells of rodents (HARTSCHUH et al., 1979) , vasoactive intestinal polypeptide (VIP) in some other species (HARTSCHUH et al., 1983 (HARTSCHUH et al., , 1984 and the VIP-related peptides PHM/PHI (peptide histidine isoleucine; ITOH et al., 1983) in porcine skin (HARTSCHUH and WEIHE, 1988; HARTSCHUH et al., 1986b) . More recently VIP and PHI were found in the pig to be co-localized with substance P (SP), calcitonin gene-related peptide (CGRP) and CGA in at least a subpopulation of epidermal Merkel cells (HARTSCHUH and WEIHE, 1988) and in Merkel cells from oral mucosa (GAUWEILER et al., 1988) . It was thus postulated that the Merkel cell, at least in some species, contains a very complex setting of messenger peptides which probably will turn out to even exceed the previously indicated spectrum (HARTS-CHUH and WEIHE, 1988) . In addition to distinct species differences which may partly reflect methodological problems, the expression of peptide and CGA immunoreactivities in Merkel cells was also variable in different developmental stages. In a preliminary study, for instance, VIP/PHI-immunoreactivities were absent in fetal Merkel cells, while SP and CGRP were partly expressed (HARTSCHUH and WEIHE, 1988) and CGAimmunoreactivity was consistently found stronger in Merkel cells from fetal than from adult pigs and humans (HARTSCHUH et al., 1989) .
There has been no systematic comparative study of Merkel cell populations in different locations using different markers of neuroendocrine cells. Moreover, in earlier studies, an intraspecies heterogeneity in the chemical coding of Merkel cells was not definitively excluded (HARTSCHUH and WEIHE, 1988; GAUWEILER et al., 1988) . Therefore, the aim of the present study is to determine peptide and CGA immunophenotypes in Merkel cells from different anatomical sites and developmental stages and to compare their distribution patterns and relative numbers with those obtained by staining for cytokeratin, considered a reliable marker of Merkel cells in adult and embryonic skin (MOLL et al., 1984) .
MATERIALS AND METHODS
Specimens from various regions of adult pigs (n=5) of both sexes killed by electric shock were obtained from a local slaughter house and from pregnant mini-pigs (n= 3) and their fetuses which were sacrificed by inhalation anaesthesia with Halotane' at day 95 of gestation.
Immunohistochemistry
Fixation was performed by immersion with Bouin's fixative without acetic acid. After fixation (4 h) samples were rinsed several times in 0.1 M PBS buffer, pH 7.4. Following dehydration the tissue blocks were embedded in paraplast. Routine Light microscopic immunohistochemistry was performed on deparaffinized 5-7um consecutive sections using biotinylated species-specific secondary antisera and streptavidinbiotin-horseradish peroxidase (HRP) complexes (Amersham). Alternately, Bouin-fixed probes were frozen in liquid nitrogen and cryosections performed on a cryomicrotome (Reichert).
For electron microscopic immunohistochemistry, the pre-embedding technique was employed on vibratome sections (40 pm thick) of glabrous snout from pig fetus which was fixed in Bouin with the addition of 2% glutaraldehyde. Sections were immunoreacted with the streptavidin-biotin-HRP method. For routine electron microscopy small pieces of corresponding skin regions from fetal pig were fixed in 3% glutaraldehyde.
The specimens were postfixed in osmium tetroxide, dehydrated in ethanol and embedded in Epon 812. Ultrathin sections were obtained from selected areas containing immunopositive Merkel cells as assessed by light microscopic evaluation of semithin sections and from non-immunoreacted control probes. Ultrathin sections were evaluated both as unstained and following counterstaining with uranyl acetate and lead citrate in a Philips 400 electron microscope.
Primary antisera
The following polyclonal and monoclonal antisera/ antibodies were used in working dilutions as indicated in brackets: Anti-Porcine SP-1/CGA (1: 6000; Immunonuclear), anti-porcine pancreastatin (1: 20000; Peninsula), anti-SP (ascites 1: 100; Serotec), anti-rat CGRP (1: 6000; Amersham), anti-VIP-sera R501, R502 (1: 2000; YANAIHARA), anti-PHI-sera R8403, R8600 (1: 2000; YANAIHARA), anti-PHM-serum R8702 (1: 2000; YANAIHARA), anti-cytokeratin [Mr 39, 43 and 50K daltons] (1: 3; Becton Dickinson). The antisera have been extensively characterized by immunohistochemistry and/or radio immunoassay (HARTSCHUH and WEIHE, 1988; HARTSCHUH et al., 1983 HARTSCHUH et al., , 1984 HARTSCHUH et al., , 1986b ITOH et al., 1983) , and did not mutually crossreact.
In order to determine coexistence patterns, paired adjacent sections were alternately stained with the different primary antisera.
Radioimmunoassays were applied with anti-VIP serum R502 and anti-PHI-serum R403 in a final dilution of 42000 to acetic-acid extracts of epidermis from glabrous snout which was cleaned as far as possible of its underlying connective tissue and to extracts of nervus infraorbitalis of 2 adult pigs.
RESULTS

Electron microscopy
In the hairy and glabrous snout skin of the pig, Merkel cells occur singly or in groups of up to 20 and more at the base of epidermal thickenings, the socalled touch domes. The largest accumulation of Merkel cells is found in sinus hair follicles (vibrissae), where hundreds of cells are arranged in the form of a sheath in the external follicle epithelium (for review see HALATA, 1975) .
By electron microscopy porcine Merkel cells exhibited the same features as Merkel cells from other species (HARTSCHUH et al., 1986a) , i. e., a variable amount of small membrane-bound electron-dense granules, a smooth cell membrane exhibiting several processes which penetrated into the surrounding keratinocytes or into the intercellular space ( Fig. 1 ) and few desmosomes. In adult animals and skin from the late fetal period, a majority of Merkel cells was in synaptic contact with intraepidermal axon endings forming Merkel cell-axon complexes. In fetal skin Merkel cells were occasionally found in close proximity to melanocytes (Fig. 1) and, in contrast to adult porcine skin, also in the highest epidermal layers ( Fig. 2A) . 
Immunohistochemistry
The expression of peptide and CGA immunoreactivities in Merkel cells exhibited striking developmental and histotopographical differences ( Table 1) . As a rule, expression of CGA-and pancreastatinimmunoreactivities was stronger and more reliable in Merkel cells from adult and fetal skin than the expression of the other peptides which in fetal skin were only partly demonstrable as shown below. The immunostaining of peptides and CGA predominated in the basal cytoplasm (Fig. 2C, E, F) , shown by electron microscopy to contain the highest amount of secretory granules (Figs. 1, 4) . Alternate immunostaining of consecutive sections with keratin and CGA-antisera revealed that comparably high num- hers of Merkel cells were visualized and that their distribution pattern was overlapping (Table 1 ; Fig.  2C, D) . Higher magnifications revealed that in contrast to peptide and CGA staining, cytokeratin staining yielded a homogenous, ring-like staining of the entire Merkel cell cytoplasm (Fig. 2D) correlating with the distribution of intermediate-sized filaments. In glabrous and hairy skin from adult pigs, sections alternately stained for the different immunoreactive peptides and CGA revealed a codistribution of pancreastatin, VIP, PHI, SP and CGRP in Merkel cells from all localisations (Table 1) . In contrast to the antisera against VIP and PHI the PHM antiserum exclusively stained Merkel cells in cryosections but not in paraffin sections.
In fetal porcine skin Merkel cells strongly expressed CGA and pancreastatin at all anatomical sites (Table 1 , Fig. 2A, C, F) . Evaluation of adjacent sections revealed mutual coexisting patterns of CGA and pancreastatin (Fig. 2E,F) , with none or only partial ones of CGA and the other immunoreactive peptides (Table 1) . For example, fetal Merkel cells did not express VIP and PHI/PHM either in the epidermis or in hair follicles. Moreover, SP and CGRP both were inconsistently expressed in epidermal Merkel cells (Fig. 2B ) but strongly occurred in distinct types of hair follicles: SP, but not CGRP, was expressed in Merkel cells of sinus hair and large non-sinus hair follicles (Fig. 3A) . On the other hand, CGRP, but not SP was expressed in small hair follicles. The distribution of SP-immunoreactive and CGRP immunoreactive
Merkel cells was partly distinct from that obtained by CGA-staining (Fig. 3A, B) although comparable numbers of Merkel cells were stained by both antisera.
Electron microscopic immunostaining for CGA clearly revealed that the immunoreactions were exclusively confined to the Merkel cells, mainly to the granules (Fig. 4) . The surrounding keratinocytes, melanocytes, Langerhans cells and dermal cellular elements remained unstained. In evaluating both counterstained and unstained sections, the majority of the granules appeared immunostained to a variable degree and a minority of the granules obviously remained totally unlabeled.
Radioimmunoassay
Radioimmunological measurements revealed high concentrations of PHI and VIP in specimens from the glabrous epidermis of the pig snout (Table 2) Although the functional spectrum of CGA is unclear, it is likely that in secretory granules CGA exerts important functions in the sorting, packaging and release of regulatory peptides (RosA et al., 1985) and represents a precursor protein for smaller bioactive peptides (BENEDUM et al., 1986) or even a messenger substance on its own (GRIMES et al., 1987) . Such a precursor-product relationship recently has been established between CGA and pancreastatin (EIDEN, 1987; HUTTNER and BENEDUM, 1987) . Pancreastatin was first isolated from the porcine pancreas and was found to inhibit glucose-induced insulin and somatostatin release from the endocrine pancreas (TATEMOTO, 1987) . It was shown recently by immunohistochemistry that pancreastatin and CGA coincided precisely in islet cells of the pancreas, suggesting a close correlation between these two substances at least in the pancreas (SHIMIZU et al., 1987) . Final proof for a biosynthetic relationship between porcine pancreastatin and CGA was recently offered by the description of the primary structure of porcine CGA (IACANGELO et al., 1988) . Therefore, the demonstration of pancreastatin in Merkel cells has been anticipated. The present findings demonstrate that pancreastatin is not specific to the pancreas and the intestines. However, it remains to be elucidated whether pancreastatin is as widely distributed in peptide-containing neuroendocrine granules of cells of the DNES as has been established for CGA (for review see PEARSE,1986; FUJITA et al., 1988 VIP: Anti-VIP serum R502 was used, PHI: Anti-PHI (1-15) serum R8403 was used, >: bellow of the value
